To investigate the transient nature of supersoft sources (SSSs) in M 31, we compared SSS candidates of the XMM-Newton Deep Survey, ROSAT PSPC surveys and the Chandra catalogues in the same field. We found 40 SSSs in the XMM-Newton observations. While 12 of the XMM-Newton sources were brighter than the limiting flux of the ROSAT PSPC survey, only two were detected with ROSAT ∼10 yr earlier. Five correlate with recent optical novae which explains why they were not detected by ROSAT. The remaining 28 XMM-Newton SSSs have fluxes below the ROSAT detection threshold. Nevertheless we found one correlation with a ROSAT source, which had significantly larger fluxes than during the XMMNewton observations. Ten of the XMM-Newton SSSs were detected by Chandra with <1-∼6 yr between the observations. Five were also classified as SSSs by Chandra. Of the 30 ROSAT SSSs three were confirmed with XMM-Newton, while for 11 sources other classifications are suggested. Of the remaining 16 sources one correlates with an optical nova. Of the 42 Chandra very-soft sources five are classified as XMM-Newton SSSs, while for 22 we suggest other classifications. Of the remaining 15 sources, nine are classified as transient by Chandra, one of them correlates with an optical nova. These findings underlined the high variability of the sources of this class and the connection between SSSs and optical novae. Only three sources, were detected by all three missions as SSSs. Thus they are visible for more than a decade, despite their variability.
Introduction
The class of supersoft sources (SSSs), was established by ROSAT and is based on observable characteristics. SSSs show extremely soft spectra with equivalent blackbody temperatures of ∼15-80 eV. The bolometric luminosities lie in the range of 10 36 -10 38 erg s −1 . The favoured model for these sources is that they are close binary systems with a white dwarf (WD) primary, burning hydrogen-rich matter at the surface. Symbiotic systems, which contain a white dwarf in a wide binary system, were also observed as SSSs (Kahabka & van den Heuvel 1997) . SSSs are often observed as transient X-ray sources (Greiner 2000 , and references therein). Pietsch et al. (2005a , hereafter PFF 2005 showed that many SSSs in M 31 correlate with classical novae.
The observations of the 'Deep XMM-Newton Survey of M 31' (Stiele et al. 2008a ) provide, together with archival observations, a full coverage of the D 25 ellipse of M 31 with high spatial and spectral resolution. A description of ⋆ Based on observations obtained with XMM-Newton, an ESA science mission with instruments and contributions directly funded by ESA Member States and NASA. ⋆⋆ Corresponding author: e-mail: hstiele@mpe.mpg.de the observations, the source detection procedure and the full source catalogue will be published in a separate paper (Stiele et al., in preparation) . Here, we discuss the 40 SSSs contained in the Deep XMM-Newton Survey catalogue (hereafter XMM LP-total). The SSSs were selected on the basis of their hardness ratios (HR1<0, HR2−EHR2 <−0.96 or HR2 not defined; energy bands: B1:0.2-0.5 keV, B2:0.5-1.0 keV, B3:1.0-2.0 keV). The hardness ratios and errors are defined as:
where B i and EB i denote count rates and corresponding errors in energy band i. By cross-correlating with our nova catalogue 1 we found that 14 out of the 40 sources can be classified as X-ray counterparts of optical novae. The main properties of the four sources that are reported for the first time are given in Table 1 , while the remaining ten were reported in PFF2005, PHS2007 or Smirnova et al. (2006) .
To study the long term variability of the SSS population of M 31 we performed cross-correlations with the ROSAT Table 1 Properties of four newly detected SSSs, which correlate with optical novae & : Distance between position of X-ray source and that of optical counterpart † : 3σ (99.7%) positional error of the X-ray source ‡ : Temperature derived from a blackbody fit to the X-ray spectrum # : Unabsorbed 0.2-1.0 keV luminosity, derived from the blackbody fit PSPC surveys (Supper et al. 1997 , 2001 and with the Chandra source catalogues (Kong et al. 2002 , Kaaret 2002 , Williams et al. 2006 , Voss & Gilfanov 2007 .
As the ROSAT PSPC observed M 31 more than 10 yr before XMM-Newton EPIC, a comparison of the ROSAT to the XMM-Newton detections probes the long-term variability of SSSs. Lists of SSSs detected in the ROSAT PSPC surveys are given by Greiner (2000) and Kahabka (1999) . The selection of these ROSAT SSSs was based on similar selection criteria, as those used for the XMM-Newton data, as the separation energies of the ROSAT bands were ∼0.5 keV and ∼1.0 keV. We ignored all sources of the complimentary sample of Kahabka (1999) which were already classified as foreground stars or SNRs by SHP97. Thus the ROSAT sample contains 34 SSSs.
A list of very soft sources detected with Chandra is given by DKG2004. The observations cover four isolated fields, located in the northern and southern disk and in the centre of M 31. DKG2004 developed an algorithm to select SSSs based on the count rates found in the three energy bands: S, 0.1-1.1 keV; M, 1.1-2 keV; and H, 2-7 keV. The most important difference to our XMM-Newton study is the usage of only one energy band below ∼1 keV. That means that DKG2004 only use cuts that correspond to cuts in HR2 (and not HR1) for XMM-Newton, to select SSSs. From XMM-Newton HR2 cuts we know that -no matter how low the HR2 threshold is chosen -one cannot avoid to select foreground stars and SNRs (Pietsch et al. 2005b .
Method
The analysis was carried out in two stages. First, we selected all SSSs from the XMM LP-total catalogue and cross-correlated them with the full source catalogues obtained from ROSAT and Chandra observations described above, to investigate whether the XMM-Newton sources had been detected in previous studies and their variability (Sec. 3.1). Second, all sources classified as supersoft in the ROSAT PSPC surveys and as very soft in Chandra observations (SKG2004), respectively, were cross-correlated with the full XMM LP-total catalogue. These correlations not only allow us to study the variability of SSSs, but also to ascertain the selection power of the methods used in ROSAT and Chandra studies to separate different source classes (Secs. 3.2 and 3.3). Obviously, sources that are assigned a supersoft state in both the XMM LP-total catalogue and in one or both of the ROSAT and Chandra catalogues, are recovered in both stages of the cross-correlation process. These sources are discussed in Sec. 3.1 and also mentioned in the Secs. 3.2 and 3.3 for completeness. Table 2 lists all examined sources (40 XMM-Newton SSS candidates from the XMM LP-total catalogue, 34 ROSAT SSS candidates and 43 Chandra very soft sources from Table 1 of DKG2004) and is structured as follows: Column 2 indicates from which source list the examined source is taken, while Col. 3 provides the number (name) of the source in that list. The next three columns (4-6) give information about correlating sources from the other catalogues (and in some cases provide additional information obtained from studies with the same instrument). Sources that are observed as SSSs with more than one instrument are only listed once, reducing the ROSAT and Chandra lists to 31 and 38, respectively. In the last column (7) additional remarks are given. The positions of the sources are indicated in Fig. 1 .
Results

Correlating XMM-Newton SSSs to the ROSAT PSPC surveys and to Chandra catalogues
Three XMM-Newton SSSs correlate with sources that are also classified as supersoft in the ROSAT and Chandra catalogues. Two of them are located in the central field of M 31. The first one (#29) was classified as an SSS by Greiner (2000) , but not by SHP97 or SHL2001. The second one (#23) has been known since Einstein. Hence it has been visible for over 25 years. Trudolyubov & Priedhorsky (2008) found that this source varies with a period of 217 s. The third source (#1) is located in the southernmost field of the XMMNewton survey and correlates with [SHL2001]27 and s2-26 (DKG2004).
[SHL2001]27 was detected in the ROSAT PSPC surveys with F x,SHP97 ≈ 5.19×10 −14 erg cm
and F x,SHL2001 ≈ 4.56×10 −14 erg cm −2 s −1 , which is a factor ∼22 -25 higher than the fluxes derived from the XMM-Newton observations. DKG2004 detected s2-26 in only one of three Chandra observations obtained between 2000 and 2001 and hence classified the source as variable. With XMM-Newton the source was detected in all three observations 2 covering the position and did not show signifi- Table 2 Overview of SSS detected with ROSAT, Chandra and XMM-Newton. (2000), Kahabka (1999) (given is the source name from SHP97 or SHL2001) and very soft sources from Table 1 Another three XMM-Newton SSS candidates (#19, #20, #27) have counterparts in the Chandra catalogues, that were classified as Chandra SSSs (DKG2004, Kong et al. 2002) .
Of the 40 SSS candidates found in the XMM-Newton observations 12 have 0.2-4.5 keV fluxes above the ROSAT PSPC detection threshold of ∼ 5.3×10
−15 erg cm −2 s −1 . They are marked with an " * " in Table 2 . Nevertheless 10 of them do not have ROSAT counterparts. One of them (#30) is a supersoft transient that shows variability with a periodicity of 865.5 s (Osborne et al. 2001) . Another one (#33) was detected in only one XMM-Newton observation. Upper-limits to its flux obtained in three other XMM-Newton observations indicate variability by a factor of F var > ∼ 6.9 (σ = 2.8). Another six sources correlate with recent optical novae, which explains why they were not detected by ROSAT.
The ROSAT non-detection of the remaining two sources implies a much weaker source flux at the time of the ROSAT observations. Therefore both sources are likely to be transient or at least variable.
Among the remaining 28 XMM-Newton SSSs that have fluxes below the ROSAT detection threshold, we detected four correlations of which three, however, have to be considered as chance coincidences: In two cases a second (not supersoft) XMM-Newton source correlates with the ROSAT counterparts. The third XMM-Newton SSS correlates with an optical nova, that was detected in the optical ∼6 yr after the ROSAT observations.
Of the 30 XMM-Newton SSSs that do not have Chandra counterparts, five lie in regions that were not covered in the Chandra catalogues. Another ten sources correlate with optical novae, which either had their optical outburst after the Chandra observations were obtained (so they could not
Figure 1
Image of the deep XMM-Newton survey of M 31 over plotted with the sources from Table 2 . SSSs from the XMM LP-total catalogue are marked in red, from DKG2004 in green and from the ROSAT PSPC surveys in blue. Chandra and ROSAT SSSs with XMM-Newton counterpart not classified as SSS are marked in magenta. The image in the upper right corner shows a zoom-in to the central region of M 31, marked by the yellow box. be visible during the Chandra observations), or for which Chandra observations, if at all, can only provide upper limits (PFF2005 and PHS2007). In addition, source #33 was found to be variable in our XMM-Newton survey.
Correlating ROSAT SSSs to the XMM-Newton Deep Survey catalogue
Of the 34 ROSAT SSS candidates four are located outside the field of M 31 covered with XMM-Newton observations. 11 correlate with XMM LP-total sources with other classifications (see Table 2 ). Source [SHP97] 183 correlated with ten XMM-Newton sources, due to the large position error, rendering identification with a single source impossible.
We examined the variability of the correlated sources between the ROSAT and XMM-Newton observations following the method used in Stiele et al. (2008b) . Many of the sources show rather low variability and are classified as foreground star, SNR, or background galaxy candidates from XMM-Newton data. As sources of the afore mentioned classes (excluding flaring foreground stars) are expected to be hardly variable on time scales of several years (in contrast to SSSs), the detected lack of variability is consistent with the XMM-Newton classifications.
Sixteen ROSAT SSSs are left without a corresponding source from the XMM LP-total survey. One ([SHP97] 268) source correlates with the optical nova M31N 1990-09a (PFF2005). The remaining 15 sources have to be classified as transient or at least highly variable and may well represent the SSS phase of optical novae that have not been detected in the optical. In the years before the ROSAT observations, there were no systematic searches or monitoring campaigns for optical novae in M 31. Hence, the number of known optical novae per year was very low (Pietsch, this issue) . Table 3 of DKG2004 already lists correlations with known SNRs or foreground stars. This information is taken into account for the entries in the Chandra classification column of Table 2 . The XMM-Newton counterparts of 10 Chandra SSSs, do not show a supersoft spectrum (in the XMMNewton observations) and thus received a different XMMNewton source classification (see Table 2 ). Two sources are especially interesting as they are classified as X-ray binary (XRB) candidates in the XMM LP-total catalogue. The first one (r3-115) has been noted to have an uncommon behaviour and was discussed in detail in PFF2005. In early X-ray observations 3 that transient source shows a supersoft spectrum. As the source luminosity increases, its spectrum becomes hard (in the XMM-Newton observation from 2002 January 06). Based on its hard spectrum and transient behaviour the source was classified as an XRB candidate. The soft to hard transition suggests a black hole (BH) primary (PFF2005), although an optical nova or a symbiotic star cannot be excluded. The second Chandra SSS (r1-25) with an XMM-Newton counterpart classified as XRB candidate, shows a very similar behaviour. It was detected with an Xray 0.3 -7 keV luminosity of ∼ 5×10 35 erg s −1 . HR1 kong = −0.79, HR2 kong = −1.00 indicate a supersoft spectrum (Kong et al. 2002) 36 erg s −1 and a hard spectrum. The XMM-Newton long-term variability analysis (Stiele et al. 2008b ) gives a maximum variability factor of F var = 9.35 and σ var = 28.02. Voss & Gilfanov (2007) ′′ 2 of the XMM-Newton source position is listed as a 'regular or semi-regular red variable' in Fliri et al. (2006) .
Correlating Chandra very-soft sources to the XMM-Newton Deep Survey catalogue
From the 23 quasi-soft sources (QSSs) of Table 1 in DKG2004 (4 with correlations in Table 3 of DKG2004), 13 correlate with XMM-Newton sources. The correlation with r1-9 has to be regarded as chance coincidence as XMMNewton cannot resolve this source, which is located in direct vicinity of the central source of M 31 and a nearby XRB. In Table 3 of DKG2004 the correlation of s1-41 with the globular cluster candidate B251 (RBC V3.5) is indicated. Caldwell et al. (2009) found that B251 is more likely to be a background galaxy than a globular cluster candidate.
Discussion and conclusions
Of the 40 SSSs detected with XMM-Newton only three sources are visible for at least one decade. The additional six sources that were visible in XMM-Newton and Chandra observations were all located in the central area of M 31. The Chandra and XMM-Newton observations of that area were taken at about the same time (within several weeks to a few months, whereas in the outer regions there is at least a five year gap between the Chandra and XMM-Newton observations). From all XMM-Newton SSSs 12 have a flux above the ROSAT detection threshold. Nevertheless only two were detected in the ROSAT PSPC surveys. These findings underline the long term variability of the class of SSSs (cf. Greiner et al. 2004) .
From the 34 ROSAT SSSs (selected from Greiner 2000 and Kahabka 1999) four are outside the field observed with XMM-Newton. We assigned other source types to the XMMNewton counterparts of 11 ROSAT sources, which means that 19 ROSAT SSS candidates are left. Subtracting the three SSSs that were confirmed by XMM-Newton and the correlation with an optical nova, there are 15 sources left which must be considered as transient or at least variable. Due to the few optical novae, observed in the years before the ROSAT observations, several of these 15 sources may be the X-ray counterpart of a nova, where the optical outburst has been missed. DKG2004 report on 20 Chandra SSSs, of which three are classified as foreground stars and two as SNRs. From the remaining sources two XMM-Newton counterparts are classified as foreground star candidates, one as SNR candidate and two as XRB candidates. The latter two sources are very interesting as they were found as SSSs in Chandra observations, but showed a "hard" spectrum in XMM-Newton observations. This indicates a transition from a supersoft to a hard spectral state, which is consistent with the behaviour of BH XRBs. However other source types, like e. g. symbiotic stars, cannot be excluded. Five Chandra sources do not have counterparts in the XMM-Newton observations. The fact that half of the Chandra SSSs are not XMM-Newton SSSs underlines the missing selection sensitivity in the Chandra studies, as only one band below ∼1 keV was used. Of the 23 Chandra quasi-soft sources (DKG2004), about half (12) have counterparts in the XMM-Newton Deep Survey observations. However none of these 12 XMM-Newton sources had hardness ratios consistent with SSSs.
In conclusion our comparative study of SSS candidates in M 31 detected with ROSAT, Chandra and XMM-Newton demonstrated that strict selection criteria have to be applied to securely select SSSs. It also underlined the high variability of the sources of this class and the connection between SSSs and optical novae.
